Integrative and conjugative elements (ICEs) are generally regarded as regions of contiguous DNA integrated within a bacterial genome that are capable of excision and horizontal transfer via conjugation. We recently characterized a unique group of ICEs present in Mesorhizobium spp., which exist as three entirely separate but inextricably linked chromosomal regions termed α, β and γ. These regions occupy three different recombinase attachment (att) sites; however, they do not excise independently. Rather, they recombine the host chromosome to form a single contiguous region prior to excision and conjugative -β and γ regions also carry genes that potentially contribute to the symbiosis, or to persistence in the soil environment, but these ACCEPTED MANUSCRIPT 
Introduction
The prokaryotic mobile gene pool, also termed the mobilome, accelerates bacterial adaptation by facilitating the single-step horizontal acquisition of novel genetic traits. The bacterial mobilome largely consists of conjugative or mobilizable plasmids (Smillie et al., 2010) and chromosomal mobile genetic elements (MGEs) including prophage, transposons, integrons, integrative and conjugative elements (ICEs) and integrative and mobilizable elements (IMEs) (Frost et al., 2005; Johnson and Grossman, 2015; Wozniak and Waldor, 2010 ). An analysis of approximately 1,100 bacterial genomes has revealed that ICEs are probably the most abundant conjugative elements in prokaryotes (Guglielmini et al., 2011) .
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ICEs are DNA regions flanked by attachment sites (att), which recombine through activity of an ICE-encoded site-specific recombinase, facilitating excision of the intervening DNA prior to horizontal transfer via conjugation (Johnson and Grossman, 2015; Wozniak and Waldor, 2010) . As well as encoding genes required for excision and conjugation, ICEs often carry genes associated with host fitness benefits. ICEs can be categorized based on the function of the "genetic cargo", such as metabolism, antimicrobial resistance, pathogenicity or symbiosis (Hochhut and Waldor, 1999; Juhas et al., 2009; Rice, 1998; Schmidt and Hensel, 2004; Sullivan and Ronson, 1998; Sullivan et al., 1995) . Symbiosis ICEs such as ICEMlSym R7A of Mesorhizobium loti carry genes enabling soil bacteria to engage in a nitrogen-fixing symbiotic relationship with plants of the Fabaceae (Leguminoseae) (Sullivan and Ronson, 1998; Sullivan et al., 1995; Sullivan et al., 2002) . Symbiotic nitrogen fixation is one of the most ecologically and agriculturally important biochemical processes on the planet (Herridge and Peoples, 2008; Jones et al., 2007) .
Symbiosis ICEs
ICEMlSym R7A is a 502-kb symbiosis ICE initially discovered within the chromosome of Mesorhizobium loti R7A (Kelly et al., 2014b; Sullivan and Ronson, 1998) . ICEMlSym R7A was identified through its ability to transfer to indigenous non-symbiotic mesorhizobia present in New Zealand soil, converting them in a single evolutionary step into symbiotic strains that could nodulate Lotus corniculatus. Transfer was also demonstrated under laboratory conditions (Sullivan and Ronson, 1998; Sullivan et al., 1995) . Further work confirmed that ICEMlSym R7A encodes both the majority of genes required for entering a root nodule symbiosis and a suite of genes that facilitate excision and horizontal dissemination through conjugation (Sullivan et al., 2002) . ICEs resembling ICEMlSym R7A have subsequently been identified in many other Mesorhizobium spp. (Haskett et al., 2016a; Kaneko et al., 2000; Ling et al., 2016; Reeve et al., 2014; Shimoda et al., 2016) .
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A C C E P T E D M A N U S C R I P T 4 (Ramsay et al., 2006; Sullivan and Ronson, 1998) (Fig. 1A) . Recombination between attL S (subscripts are used to distinguish attachment sites for distinct recombinases described in section 4) (Ramsay et al., 2013; Ramsay et al., 2009; Ramsay et al., 2015b) . Overexpression of rdfS cures R7A of ICEMlSym R7A , producing the non-symbiotic derivative R7ANS (Ramsay et al., 2006) .
Regulation of monopartite ICE excision and transfer
Recombination of tripartite ICEs (ICE
)
We recently characterised a structurally distinct symbiosis ICE (ICEMcSym (Haskett et al., 2016c) .
Excision of ICEMcSym 1271 is a three-step process requiring sequential action of three recombinases IntS, IntG and IntM (Fig. 1B) . Each α, β, and γ ICE 3 region is flanked by an attL site for one recombinase and an attR site for a different recombinase but taking the three regions together, attL and attR sites for each recombinase are present (Haskett et al., 2016c) . Sequential recombination between pairs of matching attL and attR sites on α, β, and γ promotes a series of chromosomal inversions that result in the stepwise assembly of the three regions into a single contiguous region comprising α, β, and γ. (Haskett et al., 2016c) . Once transferred to a recipient Mesorhizobium, the ICE 3 may integrate at any one of the three chromosomal attB sites within the 3'-end of the phe-tRNA, guaA or met-tRNA genes, facilitated by the cognate recombinase (IntS, IntG or IntM, respectively). All currently documented ICE
configuration is the most stable (Haskett et al., 2016c) . The stability of the tripartite configuration is consistent with the tendency of tyrosine recombinases to enzymatically favor the formation of attL and attR in the absence of a cognate RDF (Lewis and Hatfull, 2001 ). shown as arrows pointing in the direction of the attachment-site core sequence and are coloured cyan, green and magenta for IntS, IntM and IntG, respectively. Note that the three recombination reactions may proceed in any order, however, our QPCR and mini-tripartite-ICE experiments are consistent with IntM being the last or lowest-rate recombination reaction (Haskett et al., 2016c) .
Variation in genetic cargo of ICE 3 regions γ and β suggests these regions are recombination hotspots
We previously proposed that evolution of the ancestral ICE 3 possibly involved two chromosomal inversions between three ICEs/IMEs existing in the same cell (Haskett et al., 2016c) . While this scenario could explain initial formation of a tripartite structure, it does not explain the persistence of ICE 3 s. In comparison to monopartite ICEs, the ICE 3 structure and recombination process seems unnecessarily complex. Furthermore, since the three-step 
Region α
Complete genome sequences are currently available for three Mesorhizobium spp. strains harboring distinct ICE 3 s (WSM1271, NZP2037 and WSM1284) (Haskett et al., 2016a; Kelly et al., 2014a; Nandesena et al., 2014 (Haskett et al., 2016b) . Each α region carries gene clusters associated with the establishment of N 2 -fixing symbiosis with legumes (nod, nif, fix) and genes for biosynthesis of essential vitamins biotin and nicotinate, and in some ACCEPTED MANUSCRIPT
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8 instances, thiamine (Sullivan et al., 2001; Sullivan et al., 2002) . Each α region also carries genes associated with ICE excision and transfer, including conjugative type-IV secretionsystem genes (traG-trbB-trbI-msi021), genes encoding RdfS and the conjugative relaxase, RlxS (Sullivan et al., 2002) and those encoding homologues of quorum-sensing transcriptional activators related to TraR and the AHL-synthase, TraI1 (Ramsay et al., 2013; Ramsay et al., 2009 , 1986; Biek and Cohen, 1986; Lovett et al., 1988) . Many of the ICE 3 -β regions carry recombinase and transposase, genes or gene fragments/pseudogenes, suggesting these regions have been subject to invasion and recombination events mediated by foreign MGEs. . In addition to intS, region γ also carries the recombinase gene intM and a putative RDF gene, rdfM. Similar to the β region, the bordering attL S -intS and rdfM-intM-attL M sequences are highly conserved, but the genetic cargo between them is generally not. Most genes located in ICE
Region γ
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10 to encode products with unknown function, these regions also contain various transposase sequences or potential remnants of "crash-landed" MGEs, so it is difficult to predict if any of the γ region genes, or regions apart from the att sites and recombination genes, have a role in symbiosis or ICE 3 transfer.
In summary, it seems that several genes, at least on β regions, have a potential accessory role in symbiosis and may have been selectively maintained on each individual ICE 3 in the short term. However, the lack of genetic conservation between β and γ region s of more diverse ICE 3 s suggests that apart from regions and genes involved in recombination, the specific β and γ region gene content has not been critical for the success of ICE 3 s in the long term. Despite the frequent gene replacement on β and γ regions, the total combined size of β and γ regions on each ICE 3 does not exceed 50 kb -about 10% of the total ICE 3 DNA.
Thus, we speculate the only critical role of the β and γ regions is to encode the site-specific recombination functions for ICE 3 excision and to maintain the ICE 3 tripartite structure. (Fig. 2 & 3) . The Ca181 genome carries a tripartite ICE which includes α, β and γ regions and the expected recombinase genes intS, intG and intM.
Evolution of a new ICE
However, inspection of the intM gene (M1C_RS32875) revealed the presence of several stop codons, suggesting intM has become a pseudogene (Fig. 3) . Adjacent to the intM pseudogene we identified a sequence matching the IntM-associated att core sequence, but it was not associated with the canonical ICE 3 met-tRNA integration site (M1C_RS10995 in Ca181). A serine recombinase gene intM ser (M1C_RS05230) was identified ~9-kb ACCEPTED MANUSCRIPT an attB site and its cognate recombinase with a new recombinase and attB site. This strongly suggests that while the tripartite structure itself has been selectively maintained, the specific set of recombinase genes can vary. 
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Possible evolutionary advantages of the ICE 3 configuration
While genes involved in symbiosis, conjugation and vitamin biosynthesis are conserved on each of the ICE 3 -α regions, the remainder of the genetic cargo carried by ICE 3 -β and γ seems to be completely variable. In-fact, ICEMcSym Ca181 region β appears to have entirely lost its genetic cargo. Considering these observations and the recruitment of a new serine recombinase with a new associated attL M site on ICEMcSym Ca181 , we propose that it is not the co-transfer of genetic cargo carried on ICE 3 regions β and γ that is advantageous to the , but rather the tripartite configuration of ICE 3 that has been selectively maintained during the evolution of these elements. Therefore, there seemingly must be evolutionary benefits associated with the ICE 3 configuration.
Increased host range afforded by multiple attachment sites
ICEs site-specifically integrate into bacterial chromosomes at attB sites, usually nested in conserved genes such as tRNAs (Reiter et al., 1989; Williams, 2002) , guaA (Song et al., 2012) and prfC (Hochhut and Waldor, 1999) . There is selective pressure to maintain this specificity for integration, because non-specific ICE integration results in reduced viability and frequency of ICE transfer in recipients (Menard and Grossman, 2013) . Given the enormous diversity and abundance of ICEs in bacteria (Guglielmini et al., 2011) , competition for available attB sites in bacterial chromosomes would be expected. The configuration of ICE 3 may therefore be advantageous because the ability to integrate at three distinct attB sites maximizes the potential for chromosomal integration, even if one or more of the cognate attB sites are not present, or perfectly conserved in the recipient (Fig. 4A ).
Passive stabilization
Toxin anti-toxin modules such as mosAT, tad-ata and hipAB enhance the stability of spuriously excised SXT-family ICEs by post-segregational killing or growth arrest following loss of the element (Carraro et al., 2015; Dziewit et al., 2007; Wozniak and Waldor, 2009 ).
However, in the absence of such active stabilization modules, spurious excision of ICEs from their host chromosomes may lead to their loss (Burrus, 2017) . Therefore, any mechanisms that can reduce or prevent spurious excision likely stabilize ICEs in the long term. It is clear from our work on the regulation of transfer of ICEMlSym R7A that numerous layers of transcriptional and post-translational regulation are present to prevent spurious excision of this ICE from the M. loti chromosome (Ramsay et al., 2015a) . Although there may be unidentified TA modules or other genes facilitating the active stabilization of symbiosis ICEs and ICE 3 s, we suspect that the tripartite configuration of ICE 3 is intrinsically resistant to
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15 spurious excision and loss because it requires three recombination events for excision ( Fig.   1 ).
Genome stability and competitiveness in an ICE/IME-rich environment
It has been observed that elements with the same integration site and similar recombinases may integrate in tandem at a single site (Bellanger et al., 2011; Burrus and Waldor, 2004; Doublet et al., 2008; Hochhut et al., 2001; Pavlovic et al., 2004; Possoz et al., 2001; Puymège et al., 2013) . Tandem arrays of integrative elements are formed when one or more invading ICE(s) integrate site-specifically at the attL or attR site of a resident ICE/IME occupying its cognate attB site in the bacterial chromosome. The result is a composite ICE carrying attL and attR sites derived from the most outer elements in the array and one or more hybrid attP-like site(s) derived from attL and attR of adjacent elements. The
Streptomyces scabiei ICE resembles a tandem ICE/IME array comprised of two "toxigenic regions" (TR1 and TR2) which can each excise independently through recombination of a distal attL or attR site with the central attP-like site, or which can excise as a composite element through recombination of the distal attL and attR sites (Chapleau et al., 2015) .
Arrays of SXT and R391-family ICEs (Hochhut et al., 2001) , and ICE-CIME (cis-integrative and mobilizable element) arrays of ICESt3 and CIMEL 3 catR 3 (Bellanger et al., 2011) also excise as individual units or composite elements in the same manner. However, tandem arrays can be highly unstable, even in RecA -backgrounds (Bellanger et al., 2011; Burrus and Waldor, 2004; Hochhut et al., 2001; Ravatn et al., 1998) . This is probably because recombinases exhibit a strong preference for ICE integrative recombination (i.e. attP + attB  attL + attR) (Lewis and Hatfull, 2001 ) and thus formation of the central attP-like site in tandem ICE arrays facilitates excision and loss of one or more adjacent elements in the array carrying a DR attL or attR site (Bellanger et al., 2011; Hochhut et al., 2001 ). However, the instability caused by tandem ICE/IME insertion may not affect ICE 3 elements in this manner, since no individual region of an ICE 3 carries directly repeated att sites. Tandem insertion of an invading ICE into attL or attR sites of any ICE 3 region would result in the
formation of a composite element where only the invading ICE/IME carries a DR of compatible attL and attR. Thus, an ICE 3 is likely stable following a tandem insertion event by an invading element because none of its regions can be excised by a single recombination event (Fig. 4B) . Moreover, following transfer of the ICE 3 into a strain occupied by a resident ICE/IME, ICE 3 integration within the attL or attR sites of the resident element should not affect the ICE 3 integration process and tripartite separation, but may induce instability in the resident element. Therefore, we suspect ICE 3 may be competitively superior in their ability to occupy attB sites in an ICE/IME-rich environment.
Increased opportunity for gene capture
Although tandem arrays of SXT and R391-family ICEs are highly unstable and have never been found in natural isolates, tandem arrays of these ICEs generated in the laboratory recombine to facilitate the evolution of hybrid elements (Burrus and Waldor, 2004; Garriss et al., 2009 ). Rearrangement of genes in tandem arrays has also been observed for ICESt3
and CIMEL 3 catR 3 (Bellanger et al., 2011) . Therefore, ICE attL and attR sites represent hotspots for the capture and generation of novel MGEs through tandem integration and accretion of associated genes. It seems possible that ICE 3 structure could be advantageous because stably occupying three attB sites might provide ICE 3 with an increased opportunity to capture and stockpile genes from invading ICEs/IMEs, enabling more rapid evolution and adaptation of the ICE 3 gene content (Fig. 4C) . Accretion of an invading ICE/IME carrying IntM ser likely explains the evolution of the distinct γ region of ICEMcSym Ca181 (Fig. 3) . Tandem ICE/IME arrays may in some cases produce an unstable arrangement in which one or both ICE/IME are lost. Because no region of the ICE 3 carries DR att sites and no single recombination event causes excision of the ICE 3 , insertion of an ICE/IME at any of the sites already occupied by the ICE 3 cannot destabilise the ICE element from its cognate attB site, while the ICEthree attB sites in the bacterial chromosome, the ICE 3 has increased opportunity to become associated with other ICE/IME elements at the same sites via tandem integration, potentially facilitating increased propensity for gene capture through acquisition of genes from adjacent elements.
Concluding remarks
It remains unclear exactly why the ICE 3 structure has persisted in nature, but our analyses here of the β and γ regions suggests it is not due to the genetic cargo carried on these extra
regions. There appears to have been frequent deletion, translocation and invasion by MGEs on these regions. In-fact the newly discovered ICE 3 in M. ciceri Ca181 appears to have recruited a novel serine recombinase on its γ region and replaced one of its att sites. Thus, it seems that the ICE 3 structure itself must confer a long term selective benefit. We proposed four possible characteristics of the ICE 3 configuration that may contribute to the persistence of the tripartite arrangement.
1. By being able to integrate into three distinct attB sites, ICE 3 s maximize their potential for host-integration and potentially broaden their host range.
2. In the tripartite configuration, the ICE 3 is more resistant to loss following spurious recombinase-mediated recombination events, because it requires three recombination events to excise, rather than one.
3. Incoming ICE/IME that integrate in tandem at any of the ICE 3 att sites cannot alone stimulate excision of the ICE
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